Background/Aims: Nasopharyngeal carcinoma (NPC) is rare worldwide but remains highly prevalent in endemic regions, notably in southern China. Radiotherapy remains the treatment of choice for NPC, but radioresistance has been identified as a major cause of therapeutic failure. The Wnt/β-catenin signaling has been found to be involved in NPC radioresistance; however, the effect of β-catenin overexpression on radioresistance remains unknown in NPC until now. This study aimed to examine the impact of β-catenin overexpression on the radiosensitivity of human NPC CNE-2 cells. Methods: Immunohistochemistry was performed to detect the β-catenin expression in normal nasopharyngeal specimens and NPC specimens. The human NPC CNE-2 cell line overexpressing β-catenin was modeled by transfection with the pcDNA3.1/Hygro(+)/β-catenin recombinant vector (transfection group), while cells transfected with the pcDNA3.1/Hygro(+) vector served as negative controls and nontransfected cells served as blank controls. The expression of key molecules of the Wnt/β-catenin signaling pathway was determined using Western blotting and qPCR assays, and the changes of radiation sensitivity were measured with a colony-formation assay. Cell viability was measured by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5 -diphenyltetrazolium bromide) assay. In addition, the cell cycle and apoptosis was detected using flow cytometry and the TCF/LEF transcriptional activity was measured with a Dual Luciferase Reporter Assay System. Results: Immunohistochemical staining showed high β-catenin expression in radioresistant NPC specimens, and low expression in radiosensitive NPC specimens and normal nasopharyngeal specimens. Western blotting and qPCR assays detected higher β-catenin expression in the transfection group than in the negative and blank controls (P < 0.01). Down-regulation of GSK- He et al.: β-Catenin Overexpression Decreases CNE-2 Cell Radiosensitivity 3β expression (P < 0.05) and up-regulation of Cyclin D1 expression (P < 0.01) was detected in β-catenin overexpressing NPC cells exposed to X-ray radiation relative to negative and blank controls. Colony-formation assay revealed higher D 0 , D q and SF in the transfection group than in the negative and blank control groups post-radiation, and the SER in the transfection group was 0.75-fold and 0.68-fold greater than that in the blank and negative control groups, respectively. MTT assay revealed that the viability of CNE-2 cells was significantly higher in the transfection group (96% ± 8.72%) than in the negative control group (74.67 ± 7.05%) and the blank control group (75.33% ± 7.02%) 24 h post-exposure to 6 Gy X-ray radiation (P < 0.05). X-ray radiation led to a lower proportion of CNE-2 cells at the G2/M phase and a lower apoptotic rate in the transfection group than in the negative and blank control groups (P < 0.05). In addition, the TCF/LEF transcriptional activity was higher in the transfection group than in the negative and blank control groups (P < 0.01), and 6 Gy X-ray radiation elevated the TCF/LEF transcriptional activity relative to 0 Gy radiation in the transfection group (P < 0.01). Conclusion: β-catenin overexpression may decrease the radiation sensitivity in NPC CNE-2 cells through activating the downstream transcriptional factors of β-catenin, and reducing G2/M arrest and cell apoptosis.
Introduction
Nasopharyngeal carcinoma (NPC) is the most common primary malignancy in the nasopharynx [1, 2] . Although NPC is rare worldwide [3] , this malignancy remains highly prevalent in endemic regions, notably in southern China [4] . Currently, radiotherapy remains the treatment of choice for NPC, and concomitant chemoradiotherapy has been proved to increase the survival [5, 6] . Although 80% to 90% 5-year local control rates are achieved for NPC, there are still 20% to 30% of patients developing distal metastasis [7] , and radioresistance has been identified as a major cause of therapeutic failure [8] [9] [10] . Elucidation of the mechanisms underlying the radioresistance in NPC is therefore beneficial for the individualized treatment for NPC.
As a critical component in the Wnt/β-catenin signaling pathway [11] , β-catenin has been linked strongly to the prognosis of NPC [12] [13] [14] ; however, some studies argued that β-catenin had no associations with survival of NPC patients [15] and did not affect the invasion and metastasis of NPC cells [16] . In addition, the Wnt/β-catenin signaling has been found to be involved in NPC radioresistance [17, 18] . To the best of our knowledge, however, the effect of β-catenin overexpression on radioresistance remains unknown in NPC until now.
In this study, we modeled β-catenin overexpression in a human NPC CNE-2 cell line by transfection with the pcDNA3.1/Hygro(+)/β-catenin recombinant vector, and then examined the effects of β-catenin overexpression on the radiosensitivity of human NPC CNE-2 cells and investigated the underlying mechanisms. We detected higher D 0 , D q , surviving fraction (SF), radiation sensitivity enhancement ratio (SER), viability, TCF/LEF transcriptional activity, lower apoptotic rate, down-regulation of GSK-3β expression and up-regulation of Cyclin D1 expression in the CNE-2 cells overexpressing β-catenin than in negative and non-transfected controls. Our findings may provide insights into the elucidation of the mechanisms underlying the radioresistance in NPC.
Materials and Methods
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Analysis of cell cycle Log-phase CNE-2 cells at approximately 60% confluence in the transfection group, negative control group and the blank control group were exposed to X-ray radiation at doses of 0 and 6 Gy for 24 h, respectively. Then, cells were digested with 0.25% pancreatin, prepared into single-cell suspensions, and centrifuged at room temperature. The supernatant was discarded, and the sediment was stained with the cell cycle detection kit (BD Biosciences, San Diego, CA, USA) following the manufacturer's instructions. The cell cycle was analyzed with a FACSCanto TM II flow Cytometer (BD Biosciences; SanJose, CA, USA). All analyses were repeated in triplicate.
Measurement of cell viability
The viability of the cells was assessed by the MTT assay. Cells were seeded onto 96-well plates (Corning, Inc.; Corning, NY, USA) overnight, and then exposed to X-ray radiation at doses of 0 and 6 Gy. Following 24-h treatment, MTT (2 mg/mL) was added to each well and incubated at 37°C for 4 h. The, the medium was discarded, and the formed formazan crystals were dissolved in dimethyl sulfoxide (DMSO; 150 μl/well). The absorbance was read at 570 nm using a Model 680 microplate reader (Bio-Rad Laboratory; Hercules, CA, USA). All measurements were repeated in triplicate.
Detection of apoptosis
Log-phase CNE-2 cells at approximately 60% confluence in the transfection group, negative control group and the blank control group were exposed to X-ray radiation at doses of 0 and 6 Gy for 24 h, respectively. Then, cells were digested with 0.25% pancreatin, prepared into single-cell suspensions, and centrifuged at 1200 r/min at room temperature for 5 min. The supernatant was discarded, and the sediment was washed twice in cooled PBS, suspended in 100 μl of binding buffer, and mixed evenly with 5 μl of FITC Annexin V(BD Biosciences; San Diego, CA, USA) and 5 μl of propidium iodide (PI; BD Biosciences; San Diego, CA, USA) in darkness at room temperature for 15 min. Apoptosis was detected on a FACSCanto TM II flow Cytometer (BD Biosciences; San Jose, CA, USA). All measurements were repeated in triplicate.
Measurement of TCF/LEF transcriptional activity
Log-phase CNE-2 cells in the transfection group, negative control group and the blank control group were digested with 0.25% pancreatin and centrifuged, and the supernatant was discarded. The sediment was re-suspended in Opti-MEM® I Reduced Serum Medium (Gibco; Grand Island, NY, USA) containing 10% serum, and prepared into single-cell suspensions. Cells were then seeded onto 96-well plates (Corning, Inc.; Corning, NY, USA) at a density of 2×10 4 cells per well. Subsequently, cells in each group were transfected with 125 ng TCF/LEF luciferase reporter vector (Qiagen; Hilden, Germany) and negative control vector using the FuGENE® HD Transfection Reagent, followed by exposure to X-ray radiation at a dose of 6 Gy. After 24 h of radiation, cells were lysed, and the firefly luciferase activity and Renilla luciferase activity were measured using the Dual Luciferase Reporter Assay System (Promega; Madison, WI, USA). The relative luciferase activities were calculated by the ratios of the firefly luciferase activity/Renilla luciferase activity in cells transfected with the TCF/LEF luciferase reporter vector to the firefly luciferase activity/Renilla luciferase activity in cells transfected with thenegative control vector. All measurements were repeated in triplicate.
Effect of X-ray radiation on the expression of key molecules of the Wnt/β-catenin signaling pathway in CNE-2 cells CNE-2 cells growing to approximately 50% confluence in the transfection group, negative control group and the blank control group were harvested and exposed to X-ray radiation at doses of 0 and 6 Gy for 24 h, respectively. Then, cells were harvested, and the β-catenin, GSK-3β and Cyclin D1 expression was determined using Western blotting and qPCR assays.
Western blotting analysis
Cells were digested with pancreatin, harvested, lysed and centrifuged at 12000 r/min, 4°C for 5 min. Nuclear and cytoplasm extracts were prepared using the Nuclear and Cytoplasmic Extraction Reagents according to the manufacturer's instructions (Novagen; Darmstadt, Germany qPCR assay Total RNA was extracted from CNE-2 cells using the TRIzol Reagent (Invitrogen; San Diego, CA, USA) and reversely transcribed into cDNA with the cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Inc.; Waltham, MA, USA). The mRNA expression of the target genes was quantified using qPCR assay in a 20 μl system containing 6 μl of ddH 2 O, 1 μl of the forward and reverse primers (10 μM each, Table 1 ), 10 μl of Master Mix and 2 μl of cDNA template. qPCR assay was performed on a Roche LightCycler 480 real-time PCR system (Roche; Basel, Swiss) under the following conditions: at 95°C for 10 min; followed by 40 cycles of at 95°C for 10 s, at 60°C for 10 s, and at 72°C for 20 s. Following completion of the PCR assay, the program for the melting curve was recorded by holding at 95°C for 10 s, at 60°C for 1 min; then heating slowly until 95°C; and finally cooling to 40°Cfor 30 s. The relative gene expression was calculated using the 2 -ΔΔCt method. All PCR assays were repeated in triplicate.
Statistics
All measurement data were expressed as mean ± standard deviation (SD), and all statistical analyses were performed using the statistical software SPSS version 18.0 (SPSS, Inc.; Chicago, IL, USA). One-way ANOVA was used for multiple comparisons, and stepwise multiple comparisons were done with LSD test. A P value of < 0.05 was considered statistically significant.
Results
β-catenin is overexpressed in the radioresistant NPC specimens
Immunohistochemical staining revealed high β-catenin expression in radioresistant NPC specimens, and low β-catenin expression in radiosensitive NPC specimens, which was similar to that in normal nasopharyngeal specimens (Fig. 1 ).
β-catenin is overexpressed in the transfected CNE-2 cells qPCR assay detected higher relative β-catenin mRNA expression in the transfection group than in the blank control group (3.89 ± 0.27 vs. 1.09± 0.20, P < 0.01) and negative control group (3.89 ± 0.27 vs. 1.08 ± 0.2, P < 0.01), while no significant difference was seen between the blank and negative controls (1.09 ± 0.2 vs. 1.08 ± 0.2, P > 0.05) ( Fig. 2A) . Similarly, Western blotting analysis revealed higher β-catenin protein expression in the transfection group than in the blank and negative controls (P < 0.05) and no significant difference between the blank and negative control groups (Fig. 2B ). Taken together, our data indicate the successful modeling of β-catenin overexpression in CNE-2 cells. 
β-catenin overexpression decreases GSK-3β expression and increases Cyclin D1 expression following exposure to X-ray radiation
Following exposure to X-ray radiation at 6 Gy for 24 h, the GSK-3β mRNA expression was lower in the transfection group than in the negative (0.41% ± 0.01% vs. 0.81 ± 0.1%, P < 0.05) and blank controls (0.41% ± 0.01% vs. 0.7 ± 0.08%, P < 0.01), and no significant difference was seen between the negative and blank controls (0.81± 0.1% vs. 0.7± 0.08%, P > 0.05) (Fig.  3A) . In addition, higher GSK-3β protein expression was detected in the transfection group than in the negative and blank controls (P < 0.05), and no significant difference was seen between the negative and blank controls (P > 0.05) ( Fig. 3B and 3C) .
Following exposure to X-ray radiation at 6 Gy for 24 h, the Cyclin D1 mRNA expression was higher in the transfection group than in the negative (2.96% ± 0.6% vs. 1.23 ± 0.03%, P < 0.01) and blank controls (2.96% ± 0.6% vs. 1.11 ± 0.3%, P < 0.01), and no significant difference was seen between the negative and blank controls (P > 0.05) (Fig. 3A) . Additionally, higher Cyclin D1 protein expression was detected in the transfection group than in the negative and blank controls (P < 0.05), and no significant difference was seen between the negative and blank controls (P > 0.05) (Fig. 3B and 3C ).
β-catenin overexpression decreases the radiosensitivity of CNE-2 cells
There was an increase in D 0 and D q in the transfection group relative to the negative and blank control groups (Table 2) , indicating a reduction in the radiosensitivity in the transfection group as compared to the negative and blank controls. Following exposure to radiation at doses of 2 to 10 Gy, significantly higher SF values were estimated in the transfection group than in the blank control and negative control groups (P < 0.05), while no significant differences were found between the blank and negative controls (P > 0.05) (Fig.  4) . In addition, the SER in the transfection group was 0.75-fold and 0.68-fold changes from the blank and negative control groups, respectively ( Table 2) . 
X-ray radiation reduces the proportion of β-catenin overexpressed CNE-2 cells in G2/M phase of the cell cycle
Prior to X-ray radiation, there were no significant differences among the transfection, negative control and blank control groups in terms of the proportions of CNE-2 cells in the G0/ G1, S or G2/M phase of the cell cycle (P > 0.05). After 24 h of X-ray radiation at a dose of 6 Gy, the proportion of CNE-2 cells in the G2/M phase was significantly lower in the transfection group than in the blank control group (17.83% ± 3.97% vs. 36.21 ± 8.38%, P < 0.05) and negative control group (17.83% ± 3.97% vs. 39.54 ± 12.07%, P < 0.05), and no significant difference was observed between the blank control group and the negative control group (36.21 ± 8.38% vs. 39.54 ± 12.07%, P > 0.05). In addition, the proportion of CNE-2 cells in the G0/G1 phase was greater in the transfection group than Fig. 3 . β-catenin overexpression decreases GSK-3β expression and increases Cyclin D1 expression following exposure to X-ray radiation. (A) The β-catenin, GSK-3β and Cyclin D1 mRNA expression is quantified using qPCR assay in the transfection group, negative control group and the blank control group pre-and postexposure to X-ray radiation at a dose of 6 Gy for 24 h, while β-actin serves as an internal control. All error bars are mean ± s.d. n = 3 independent experiments. *P<0.05, **P<0.01. (B, C) Western blotting assay is performed to determine the β-catenin, GSK-3β and Cyclin D1 protein expression in the transfection group, negative control group and the blank control group cells pre-and post-exposure to X-ray radiation at a dose of 6 Gy for 24 h, while β-actin serves as an internal control. All error bars are mean ± SD (n = 3 independent experiments). *P<0.05, **P<0.01. 
in the negative control group (50.34 ± 3.42% vs. 28.2 ± 8.46%, P < 0.05), while no significant differences were detected between the blank control group and the transfection group or the negative control group (P > 0.05). In terms of the proportion of CNE-2 cells in the S phase of the cell cycle, no significant difference was found among the three groups (P > 0.05) ( Table 3 , Fig. 5 ).
β-catenin overexpression promotes viability of CNE-2 cells post-radiation
There was no significant difference in the viability of cells among the transfection group (108 ± 5.00%), negative control group (101.33 ± 8.08%) and the blank control group (100 ± 5.00%) prior to X-ray radiation (P > 0.05), and the viability of cells was significantly higher in the transfection group than in the negative control group (96% ± 8.72% vs. 74.67 ± 7.05%, P < 0.05) and the blank control group (96% ± 8.72% vs. 75.33 ± 7.02%, P < 0.05) 24 h post-exposure to 6 Gy X-ray radiation (Fig. 6 ).
X-ray radiation reduces the apoptosis of CNE-2 cells overexpressing β-catenin
There was no significant difference in the apoptosis rate of CNE-2 cells among the transfection group (8.57 ± 0.38%), negative control group (8.4 ± 1.35%) and the blank control group (10.8 ± 2.51%) prior to X-ray radiation (P > 0.05), and the apoptosis rate of CNE-2 cells was significantly lower in the transfection group than in the negative control group (8.37% ± 1.97% vs. 14.9 ± 4.08%, P < 0.05) and the blank control group (8.37% ± 1.97% vs. 14.13 ± 1.76%, P < 0.05) 24 h post-exposure to 6 Gy X-ray radiation (P < 0.05) (Fig. 7A and 7B ). 
Fig. 4. β-catenin overexpression decreases the radiosensitivity of CNE-2 cells. (A)
Colony-formation assay is performed in the transfection group, blank control group and negative control group upon exposure to X-ray radiation at doses of 0, 2, 4, 6, 8 and 10 Gy. (B) Surviving fraction in the transfection group, negative control group and blank control group following exposure to X-ray radiation at doses of 0, 2, 4, 6, 8 and 10 Gy. Significantly higher SF values are found in the transfection group than in the negative control and blank control groups (P<0.05), while no significant differences were found between the negative and blank controls (P > 0.05). *P<0.05, **P<0.01, the blank control group was compared with the transfection group. # P<0.05, ## P<0.01, the negative control group vs. the transfection group. 
X-ray Radiation Increases the TCF/LEF Transcriptional Activity of CNE-2 Cells Overexpressing β-catenin
Prior to X-ray radiation, the TCF/LEF transcriptional activity was significantly higher in the transfection group than in the blank control group (8.79% ± 0.89% vs. 0.94 ± 0.22%, P < 0.01) and the negative control group (8.79% ± 0.89% vs. 1.09 ± 0.6%, P < 0.01), while no significant difference was observed between the blank control and negative control (0.94% ± 0.22% vs. 1.09% ± 0.6%, P > 0.05). Following exposure to 6 Gy X-ray radiation, the TCF/ LEF transcriptional activity was significantly higher in the transfection group than in the blank control group (13.05% ± 0.71% vs. 0.88 ± 0.11%, P< 0.01) and the negative control group (13.05% ± 0.71% vs. 1.12 ± 0.32%, P < 0.01), while no significant difference was found between the blank control and negative control (0.88% ± 0.11% vs. 1.12% ± 0.32%, P > 0.05).
In addition, TCF/LEF transcriptional activity was significantly higher in the transfection group post-radiation relative to prior to radiation at a dose of 6 Gy (P < 0.05) (Fig. 8A) .
To investigate the nuclear accumulation of β-catenin in the transfection group, NPC cells were exposed to 6 Gy X-ray radiation for 24 h, and then, nuclear and cytoplasmic fractions were isolated. Each fraction was examined by Western blotting. Western blotting analysis revealed significantly higher cytoplasmic β-catenin expression in the transfection group than in the negative (0.65 ± 0.036 vs. 0.4 ± 0.017, P < 0.01) and blank control groups (0.65 ± 0.036 vs. 0.39 ± 0.025, P < 0.01), and no significant difference was seen between the negative and blank controls (0.4 ± 0.017 vs. 0.39 ± 0.025, P > 0.05). Following exposure to X-ray radiation at 6 Gy for 24 h, higher nuclear β-catenin expression was detected in the transfection group than in the negative (0.77 ± 0.028 vs. 0.58 ± 0.04, P < 0.01) and blank controls (0.77 ± 0.028 vs. 0.59 ± 0.043, P < 0.01), and no significant difference was seen between the negative and Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry blank controls (0.58 ± 0.04 vs. 0.59 ± 0.043, P > 0.05). In addition, the nuclear β-catenin accumulation was higher in the transfection group post-radiation than pre-radiation (P < 0.05) (Fig. 8B and 8C ).
Discussion
Currently, radiotherapy is the first therapeutic option for NPC [6] . With the great advances in imaging and radiotherapy techniques, a clear-cut reduction is seen in the local recurrent rate and distal metastatic rate in NPC patients after radiotherapy [19] . Notably, following the introduction of intensity-modulated radiotherapy techniques [20] [21] [22] , a 3-year local recurrence-free survival rate of over 90% and a 3-year distal metastasis-free rate of more than 80% are achieved; however, there are still patients developing regional recurrence and distal metastasis [23] [24] [25] . Radioresistance has been identified as a major factor restricting the therapeutic efficacy of NPC [26] . Elucidation of the mechanisms of radioresistance is therefore of great value to improve the therapeutic efficacy of NPC.
It has been shown that the Wnt/β-catenin signaling pathway is strongly associated with the development and progression of multiple human cancers [27] [28] [29] [30] [31] [32] . β-catenin, a critical component of the Wnt/β-catenin signaling pathway [11] , has been found to contribute to the radiosensitivity of cancers [18, 33] . siRNA-induced knockdown of β-catenin expression was found to enhance the radiation sensitivity in head and neck cancerAMC-HN-9 cells [34, 35] , and treatment with BC-23 (C21H14ClN3O4S), a novel inhibitor of β-catenin/T-cell factor 4 (Tcf4) interaction, was reported to enhance the radiation sensitivity in human p53-null non- Fig. 8 . Effect of β-catenin overexpression on TCF/LEF transcriptional activity and β-catenin accumulation in CNE-2 cells. (A) Following 6 Gy X-ray radiation for 24 h, the TCF/LEF transcriptional activity is measured. All error bars are mean ± SD (n = 3 independent experiments). ** P<0.01. (B, C) Western blotting assay is performed to determine the cytoplasmic and nuclear β-catenin protein expression pre-and post-exposure to X-ray radiation at a dose of 6 Gy for 24 h, and β-actin (for cytoplasmic protein) and Lamin B1 (for nuclear protein) serve as loading controls. * P<0.05, ** P<0.01. small cell lung cancer (NSCLC) H1299 cells [36] . Although the Wnt/β-catenin signaling has been linked to the radiation resistance in NPC [17, 18] , there is no knowledge regarding the effect of β-catenin overexpression on radiation resistance in NPC to date. In addition, the associations of β-catenin expression with the biological behaviors of NPC cells and the prognosis of NPC patients remain controversial until now [12] [13] [14] [15] [16] .
To examine the correlation between β-catenin and radiation sensitivity in NPC, a human NPC CNE-2 cell line overexpressing β-catenin was modeled with the pcDNA3.1/Hygro(+) vector in this study, which overexpressed the target gene and contained hygromycinresistant genes. By adding hygromycin into the culture of transfected CNE-2 cells, the CNE-2 cells with failure in transfection of the pcDNA3.1/Hygro(+)/β-catenin recombinant vector died because of intolerance to hygromycin, while the successfully transfected cells that expressed hygromycin-resistant genes survived due to tolerance to hygromycin. After continuous passaging, a single cell clone that was resistant to hygromycin and overexpressed β-catenin was yielded. Western blotting and qPCR assays determined up-regulation of β-catenin expression in CNE-2 cells transfected with the pcDNA3.1/Hygro(+)/β-catenin vector, indicating the successful modeling of the CNE-2 cell line overexpressing β-catenin.
It is considered that X-ray radiation induces DNA damage in cancer cells, and DNA damage results in cell cycle arrest, which then initiates the DNA repair system of cancer cells; if the cellular repair system is insufficient to complete DNA repair, cells will progress towards apoptosis [37] . Intrinsic cellular radiosensitivity has been shown to strongly correlate with radiation-induced cell cycle distribution, DNA damage repair and apoptosis [38] , and a stronger ability of DNA damage repair indicates lower radiation sensitivity [39] . In the present study, colony-formation assay revealed higher D 0 , D q and SF values in the transfection group than in the negative and blank control groups following radiation at each dose, and the SER in the transfection group was 0.75-fold and 0.68-fold greater than that in the blank and negative control groups, respectively, indicating that β-catenin overexpression reduced the radiation sensitivity in CNE-2 cells. It is reported that an increase in the ability of DNA repair results in radiation resistance and severely limits the efficacy of radiotherapy [40] . In this study, an increase was seen in D q in β-catenin overexpressed CNE-2 cells, as revealed by the cell survival curve, indicating the enhanced ability in the repair of sublethal cellular damages, and this may be associated with the overexpression of β-catenin. It was found that activation of the β-catenin pathway effectively promoted the repair of DNA double strand breaks (DSBs) in irradiated osteoblasts [41] , and up-regulation of β-catenin expression increased the capacity of DSB repair in cancer cells [42] .It is therefore considered that the role of β-catenin in DNA damage repair may be a factor affecting cellular radiation sensitivity.
Cell-cycle regulation is an important mechanism affecting radiation sensitivity [43] . Following radiation-induced DNA damages, DNA damage-related genes trigger the mechanism of cell-cycle regulation, and allow the cell cycle arrest at G1/S and G2/M checkpoints, resulting in cell cycle arrest at G1 and G2 phases [44] . Since the G1/S checkpoint is deficient in most types of cancer cells, the G2/M checkpoint arrest is a major determinant governing the radiation sensitivity in cancer cells [45] . In the cell cycle, cells in the G2/M phase are most sensitive to radiation, and a reduction in the proportion of cells at the G2/M phase indicates the insensitivity to radiation [44] . In the current study, our data showed a decrease in the proportion of CNE-2 cells at the G2/M phase of the cell cycle in the transfection group relative to the blank and negative control groups 24 h post-exposure to X-ray radiation, suggesting the relief of the cell cycle arrest at the G2/M phase, and the reduction in the proportion of CNE-2 cells at the G2/M phase resulted in relative radiation resistance in CNE-2 cells overexpressing β-catenin. Inhibition of β-catenin expression was found to significantly increase the proportion of hepatocellular carcinoma stem cells in the G2/M phase [45] , and treatment with polyphyllin I (PPI), a major active constituent extracted from Paris polyphyllin, caused down-regulation of β-catenin expression in multiple myeloma cells and cell cycle arrest at G2/M phase [46] . These findings demonstrate the close correlation between β-catenin and cell cycle. Cyclin D1, an important cell cycle-related Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry molecule, is involved in the regulation of cell cycle checkpoints [47] . Cyclin D1 expression has been found to strongly correlate with cancer radiosensitivity and inhibition of β-catenin and Cyclin D1 expression was reported to result in enhanced sensitivity to radiation [48, 49] . Our findings showed up-regulation of Cyclin D1 expression in CNE-2 cells overexpressing β-catenin. It is therefore hypothesized that the effect of β-catenin on the sensitivity of CNE-2 cells to X-ray radiation may be associated with mediating the expression of its downstream gene Cyclin D1; however, the exact mechanisms require further investigations. To date, there is no consensus on the correlation between apoptosis and radiation sensitivity [50] . It is reported that radiation mainly leads to programmed cell death [51] , and apoptosis, a form of cell death [52] , may occur after programmed cell death and have no associations with cell survival [51] . It is therefore considered that apoptosis does not correlate with radiation sensitivity [51] . In another study, however, ionizing radiation was found to induce apoptosis of the human osteosarcoma SAOS-2 cells that were deficient in the expression of the product of the retinoblastoma tumor suppressor gene (pRb), while SAOS-2 derivatives expressing wild-type pRb exhibited increased viability and decreased apoptosis post-exposure to radiation [53] . β-catenin has been linked to apoptosis in cancer cells [54] . siRNA-mediated knockdown of β-catenin was found to inhibit the proliferation and invasion and induce apoptosis of the colon cancer SW480 cells [55] , and blocking the T-cell factor (Tcf)/β-catenin complex was reported to suppress the Wnt/beta-catenin signaling pathway in adrenocortical tumor cells triggering increased apoptosis [56] . In the present study, the apoptotic rate of CNE-2 cells was significantly lower in the transfection group than in the negative and blank control groups post-radiation, and β-catenin overexpression led to downregulation of GSK-3β, a major component of the Wnt/β-catenin signaling pathway. Since down-regulation or inactivation of GSK-3β, an important apoptosis-related molecule, may inhibit apoptosis, it is therefore assumed that β-catenin may affect the radiation sensitivity in NPC through mediating other Wnt/β-catenin signaling pathway molecules.
In the classical Wnt signaling pathway, β-catenin translocates to the nucleus and binds with the downstream transcriptional factors TCF/LEF to form the transcriptional complex, thereby activating the TCF/LEF transcriptional activity [57] . In this study, our findings showed that the TCF/LEF transcriptional activity was significantly higher in the transfection group than in the blank and negative control groups, indicating that β-catenin overexpression increased the TCF/LEF transcriptional activation. In addition, 6 Gy X-ray radiation elevated the TCF/LEF transcriptional activity relative to 0 Gy radiation, which may be associated with the nuclear localization and accumulation of β-catenin caused by ionizing radiation and the resulting activation of the downstream transcriptional factors TCF/LEF [58] . To test this hypothesis, the β-catenin protein expression was determined in the cytoplasm and nucleus of CNE-2 cells, and Western blotting analysis revealed an increase in the nuclear accumulation of β-catenin in the transfection and negative control groups. In a recent study, ionizing radiation was found to induce nuclear translocation and accumulation of β-catenin and enhance the TCF/LEF transcriptional activities in glioblastoma U87 cells, and degrading β-catenin significantly reduced cell invasion [59] , which is in agreement with our findings.
Conclusion
The results of the present study demonstrate that β-catenin overexpression may decrease the radiation sensitivity and lead to radiation resistance in human NPC CNE-2 cells through up-regulating intracellular β-catenin expression and the resultant nuclear translocation and accumulation of β-catenin, thereby up-regulating Cyclin D1 and down-regulating GSK-3β expression, activating TCF/LEF transcriptional activities, promoting the relief of the cell cycle arrest at the G2/M phase and decreasing the ability to induce apoptosis.
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